The physical states and phase behavior of the lipids of the spleen, liver, and splenic artery from a 38-yr-old man with Tangier disease were studied. Many intracellular lipid droplets in the smectic liquid crystalline state were identified by polarizing microscopy in macrophages in both the spleen and liver, but not in the splenic artery. The droplets within individual cells melted sharply over a narrow temperature range, indicating a uniform lipid composition of the droplets of each cell. However different cells melted over a wide range, 20-53°C indicating heterogeneity of lipid droplet composition between cells. Furthermore, most of the cells (81%) had droplets in the liquid crystalline state at 37°C. X-ray diffraction studies of splenic tissue at 37°C revealed a diffraction pattern typical of cholesterol esters in the smectic liquid crystalline state. Differential scanning calorimetry of spleen showed a broad reversible transition from 29-52°C, with a maximum mean transition temperature at 42°C, correlating closely with the polarizing microscopy observations. The enthalpy of the transition, 0.86±0.07 cal/g of cholesterol ester, was quantitatively similar to that of the liquid crystalline to liquid transition of pure cholesterol esters indicating that nearly all of the cholesterol esters in the tissue were free to undergo the smectic-isotropic phase transition.
A B S T R A C T The physical states and phase behavior of the lipids of the spleen, liver, and splenic artery from a 38-yr-old man with Tangier disease were studied. Many intracellular lipid droplets in the smectic liquid crystalline state were identified by polarizing microscopy in macrophages in both the spleen and liver, but not in the splenic artery. The droplets within individual cells melted sharply over a narrow temperature range, indicating a uniform lipid composition of the droplets of each cell. However different cells melted over a wide range, 20-53°C indicating heterogeneity of lipid droplet composition between cells. Furthermore, most of the cells (81%) had droplets in the liquid crystalline state at 37°C. X-ray diffraction studies of splenic tissue at 37°C revealed a diffraction pattern typical of cholesterol esters in the smectic liquid crystalline state. Differential scanning calorimetry of spleen showed a broad reversible transition from 29-52°C, with a maximum mean transition temperature at 42°C, correlating closely with the polarizing microscopy observations. The enthalpy of the transition, 0.86+0.07 cal/g of cholesterol ester, was quantitatively similar to that of the liquid crystalline to liquid transition of pure cholesterol esters indicating that nearly all of the cholesterol esters in the tissue were free to undergo the smectic-isotropic phase transition.
Lipid compositions of spleen and liver were de- Received for publication 9 August 1976 and in revised form 3 February 1977. termined, and when plotted on the cholesterolphospholipid-cholesterol ester phase diagram, fell within the two phase zone. The two phases, cholesterol ester droplets and phospholipid bilayers were isolated by ultracentrifugation of tissue homogenates. Lipid compositions of the separated phases approximated those predicted by the phase diagram. Extracted lipids from the spleen, when dispersed in water and ultracentrifuged, underwent phase separation in a similar way. Thus Because of increasing abdominal discomfort and evidence of hypersplenism, a splenectomy -was performed as well as an intra-operative wedge biopsy of the liver. Fully informed consent to study tissues had been obtained before surgery. Immediately after excision, a small section of spleen was removed for electron microscopy and histology. To wash the blood out of the spleen, it was perfused at a rate of 30 ml per minute with 500 ml of modified Hank's solution (9) (NaCl, 6 .22 g; KC1, 0.4 g; Na2HPO4 -2H20, 0.06 g; KH2PO4, 0.06; NaHCO3, 0.35 g; glucose, 0.9 g; distilled water to 1,000 ml; pH 7.2) followed by 600 ml of modified Hank's solution containing 0.8% collagenase, 1.0% hyaluronidase (Worthington Biochemical Corp., Freehold, N. J.) and 1% human serum albumin. The enzymes were used to facilitate the isolation of individual foam cells as described below. Portions of spleen were then taken for polarizing microscopy, x-ray diffraction, differential scanning calorimetry, chemical analyses, dry weight and lipid content detennination, and for lipid phase separation studies. Similar studies were performed on liver, splenic artery, and normal control spleens.
Cell melting. Small amounts of spleen or liver tissue were gently minced on a glass slide, excess tissue was removed, and a coverslip was placed over the cells adhering to the glass. The boundaries of the droplet-laden cells were easily distinguished both by ordinary light microscopy and by Nomarski microscopy ( Figs. la and 2) . A Zeiss standard WL microscope (Carl Zeiss, Inc., New York) equipped with a heating and cooling stage was used to assess the physical states of the lipids and to determine their melting points (10 (11) . Lipid classes were separated and measured by quantitative thin-layer chromatography (TLC) as previously described (12, 13) . Cholesterol esters were isolated by preparative TLC with a solvent system of hexanediethyl ether 94:6 (vol:vol). Lipid bands were visualized with ultraviolet light after spraying with 2,7-dichlorofluorescein (Applied Science Labs, Inc., State College, Pa.). The cholesterol ester bands were scraped and the lipid eluted with chloroform through a scintered glass filter. Fatty acids were saponified in ethanol -KOH at 80°C (14) , and methylation accomplished with 14% BF3 in methanol at 80'C (15 ments Co., Inc., Downers Grove, Ill.) equipped with a hydrogen flame ionization detector. A 6-foot column packed with 10% SP2300 on 100/120 Supelcoport (Supelco Inc., Bellefonte, Pa.) was operated at 215°C. Relative amounts of methyl esters were calculated by multiplying peak heights by retention times.
Separation and characterization of lipid phases of spleen and liver. Tissues were homogenized for 2 min in distilled water by using a Kontes Duall glass-glass tissue grinder (Kontes Co., Vineland, N. J.). Homogenates were centrifuged at 24°C for 1 h at 100,000g. The floating layer (the lipid droplet phase) ofthe spleen homogenate was recovered with a spatula, and portions taken for polarizing microscopy, DSC, x-ray diffraction, quantitative TLC, and gas-liquid chromatography of the cholesterol esters. To compare the composition and microscopic appearance of droplets isolated by a less disruptive technique, a small quantity of partly enzymatically digested splenic tissue was dispersed in water by aspirating repeatedly into a Pasteur pipette and the suispension was centrifuged a,t 200 g for 45 min at 23°C allowing intact lipid droplets to form a floating layer. The liver homogenate floating layer was recovered with a Pasteur pipette, and similar studies were carried out. Pellets were resuspended in water, recentriftiged, then examined by polarizing microscopy, and the lipids analyzed by quantitative TLC.
Phase behavior of extracted lipids. 20 mg of Tangier and control spleen lipids in chloroform was placed in a glass tube with a central constriction and the solvent evaporated under a stream of dry N2. Removal of organic solvents was completed by drying in vacuo overnight. 100 ul of distilled water was added, the tube flushed with N2, and sealed. Lipids were dispersed into the water by centrifuging back and forth through the constriction at 55°C. The equilibrated mixture was drawn into a 70-.d capillary tube which was then sealed and centrifuged at 40,000 g at 39°C for 17 h. The separated layers were recovered, and examined with polarizing microscopy, and the lipid composition of each layer was determined.
RESULTS
At operation the spleen was enlarged to three times normal size and the surface had a red and yellow speckled appearance. Yellow fatty streaking was visible through the serosal surface of the small bowel. The liver appeared normal.
Cellular lipid droplet melting. 81 individual spleen foam cells were studied by polarizing microscopy. Cells were 7-15 ,um in diameter and were packed with liquid crystalline droplets (Fig. 1) . One or two spaces devoid of droplets represented the nuclei of cells as shown by Nomarski optics (Fig. 2) . Grossly irregular borders of some of the cells were due to spreading on contact with glass, a characteristic of macrophages (16) . Each cell was studied degree by degree from 15 to 60°C. All cell droplets were liquid crystalline at 18°C and a positive sign of birefringence indicated the smectic state (10, 17) . No crystals were observed in any of the fresh tissues. On heating, droplets within individual cells melted sharply, usually over a 1-20C temperature range. However droplets of different cells melted at widely different temperatures, from 20 to 53°C (Figs. 1 and 3) . Although a rare cell had droplets which melted by 20°C, greater than 95% of cells melted over the range 30-53°C (Fig. 3, upper portion) . Moreover, most droplets had melting points higher than body temperature, since at 37°C only 19% of the cells had droplets in the liquid state (Fig. 3, lower portion) . At 40°C, there was a maximum mean transition temperature (Tm) in the number ofcells with droplets in the process of melting and 41°C was the temperature at which half the cells had melted droplets.
After melting, the droplets within cells tended to coalesce, unlike their behavior in the liquid crystalline state where they remained discrete. The phase change from liquid crystalline to liquid was reversible, and the sequence of return of birefringence of cells could be predicted from their order of melting.
DSC. DSC of splenic tissue revealed a broad reversible transition between 29 and 52°C, with a maximum Tm at 42°C (Fig. 4) . This correlated well with the melting range (Fig. 3, upper portion) g-min. The spleen homogenate separated into a thick solid orange-colored floating layer which could be removed as an intact disk with a spatula. The pellet consisted of a whitish layer overlying a dark red layer. The liver floating layer was smaller, and light yellow in color.
Compositions of the layers (Table II) show that almost complete lipid phase separation was achieved in spite of the presence of nonlipid components in the homogenates. Lipid droplets separated from the spleen by less harsh methods, were similar in size and melting behavior to those within intact cells and had the same composition as the spleen homogenate floating layer. Plotted on the phase diagram (Fig. 6b ) the compositions of separated layers were close to the respective one phase zones predicted by the phase diagram.
(b) Total lipid extract of spleen. To demonstrate similar phase separation in a pure lipid system, the extracted spleen lipids were dispersed in distilled water, and phase separation achieved by ultracentrifugation (Fig. 7) . Three lipid layers were separated: (1) a clear orange colored oil, (2) a yellow emulsion layer, and (3) a whitish opaque bottom layer below the clear intervening water layer. The lipid composition of each layer (Fig. 7) shows that layer 1 is the cholesterol ester oil phase, layer 3 is the phospholipid bilayer phase, and layer 2 contains both phases. Since the separated phases are derived from the total lipids of the spleen homogenate, they must (Table I) plotted on the phase diagram (Fig. 6a) shows that the phospholipid membrane phase accounted for almost all of the lipid. Phase separation experiments as described above yielded a minute floating layer which was composed mainly of triglyceride. The content of cholesterol ester in the control spleens was less than 1/60th of the Tangier spleen.
Splenic artery. The intimal surface of the splenic artery was lesion-free when examined with a dissecting microscope (magnification x40). No evidence of intimal lipid accumulation was found by polarizing microscopy. The lipid composition (Table I) when plotted on the phase diagram (Fig. 6a) shows that very little of the cholesterol ester phase was present.
Gas-liquid chromatography. The relative composition of the individual cholesterol esters of the spleen and liver, and of the isolated spleen lipid droplet phase are shown in Table III . Cholesteryl oleate is the predominant ester, followed by palmitate, stearate, linoleate, and arachadonate. The saturated and monounsaturated esters comprised 78.6% of the total cholesterol esters of the spleen. DISCUSSION With three separate physical techniques, X-ray diffraction, DSC, and polarizing light microscopy we have shown that most of the storage lipid in a patient with Tangier disease was in the smectic liquid crystalline state at 37°C. X-ray diffraction studies of spleen and liver tissue showed a diffraction pattern typical of smectic liquid crystals of mono and di-unsaturated C,8 cholesterol esters, and mixtures of esters such as those found in human fatty streaks (13) and serum low density lipoproteins (19) . Both DSC and hot stage polarizing microscopy revealed that at 370C a large proportion of the cholesterol ester droplets (about 82%) were in the liquid crystalline state. Since the lipid compositions in previously reported cases of Tangier disease (4-6) were very similar to our own, it is likely that much of the stored cholesterol ester in those cases was also liquid crystalline at body temperature.
The coalescence of droplets after melting is further evidence of their existence in the liquid crystalline a ZONE IA ZONE E SEEN TO C Es * LIVER TOP FIGURE 6 (a) Lipid compositions of Tangier spleen, liver, splenic artery, and control spleens, plotted on the phase diagram of cholesterol (C), phospholipid (PL), and cholesterol ester (CE). (7) . Zone I is a one phase zone of phospholipid liquid crystals in which up to 33% (wt/wt) cholesterol and 2% cholesterol ester can be solubilized. The essential structural feature of this phase is that of bimolecular leaflets of phospholipid separated by layers of water. The cholesterol is interdigitated between the phospholipid molecules (7) . Zone II is also a one phase zone of cholesterol ester droplets in which 3-8% cholesterol, but almost no phospholipid can be solubilized. The phase can be liquid or liquid crystalline depending on the temperature and the fatty acyl chain composition of the esters (10) . In general the more unsaturated the fatty acyl chain the more likely it will be a liquid at body temperature. Zone III is a two phase zone in which both phospholipid liquid crystals and cholesterol ester droplets coexist and Zone IV contains, in addition, a third phase, cholesterol monohydrate crystals. See reference 7 for derivation of phase diagram. (b) Lipid compositions of separated phases of spleen and liver. state in vivo. The nonmembrane-bound droplets do not coalesce on contact before melting, and therefore have a sufface stabilizing monolayer, probably composed of phospholipid. The amount of phospholipid, acquired in vivo, is sufficient to cover their suface. However, when the cholesterol ester melts, Physical Chemistry of Tangier Lipids However, the marked differences in the melting point from cell to cell in a given microscopic field, both in a Tangier spleen impression preparation and in foam cells of fatty streaks (26) (27) and, as a result, the diffusion of molecules through the liquid is much faster than diffusion in the liquid crystal. Furthermore, in the liquid crystal the diffusion rates are anisotropic, being greater in one direction than in another. Thus, ifone thinks from a physical-biochemical point ofview, the arrangement ofthe substrate may be very important in the rate of an enzymatic reaction such as ester hydrolysis. Since cholesterol is removed from macrophages only in the free form (28) , impaired hydrolysis of cholesterol ester would decrease its rate of efflux from the cell. We have found that some human fatty streak lesions also have a high proportion ofcholesterol ester droplets in the smectic liquid crystalline state at 37°C (26); thus similar physical-chemical factors (31) , most cells may be able to maintain a normal cholesterol content. For example, the smooth muscle cells of the splenic artery in our patient showed no evidence of cholesterol ester accumulation. Macrophages, however, have an obligate intake of cholesterol because the material they phagocytose such as effete erythrocytes, other moribund cells, cellular debris, and bacteria, contains cholesterol. Thus, macrophages would be much more dependent on cholesterol removal to maintain a normal level of intracellular cholesterol. Werb and Cohn have shown that macrophages grown in culture and enriched with cholesterol do not normalize their cholesterol content in delipidated serum (lipoprotein free media) but will do so rapidly in the presence of lipoprotein containing serum (28) . Thus, macrophages appear to require lipoprotein, presumably high density lipoproteins to remove cholesterol. Since cholesterol is insoluble in water, and the ability of the cells to solubilize free cholesterol in the membrane phospholipids is limited (7, 32) 
